The hole-drilling behaviour of the common octopus in North Chilean waters, Octopus mimus, on nine of its molluscan prey was studied in 70 specimens of 10-2000 g body weight in the laboratory. The occurrence of perforation was low, only 24.50% of the ingested prey were drilled. The bivalve Protothaca thaca (Molina) was the prey most frequently perforated, on 73.30% of occasions. The mean length of the P. thaca ingested increased significantly with octopus weight (r 2 = 0.982, p < 0.001) whether or not clams had previously been drilled. The form of the holes was usually a truncated cone with an oval section. The dimensions (length and width) of the external openings of the holes were significantly dependent on octopus weight and clam length (p < 0.001 in both cases). However, the dimensions of the internal openings of the holes were only dependent on octopus size. Location of the holes differed according to the prey species.
Introduction
Analysis of digestive tracts of Octopus mimus revealed this species as an important predator of the rocky shore off northern Chilean waters where it feeds on 25 different prey belonging to five zoological groups (Teleostei, Mollusca, Crustacea, Echinodermata and Polychaeta), and that, like other Octopus species, O. minus is an opportunistic predator .
It is well documented that at least seven octopod species (Octopus vulgaris, O.
bimaculoides, O. bimaculatus, O. micropyrsus, O. dofleini, Eledone cirrhosa and E. moschata) drill holes in amphineuran, lamellibranch, gastropod and bivalvia mollusc shells, Nautilus and crustacean carapaces (Tucker and Mapes, 1978; Nixon and Boyle, 1982; Guerra and Nixon, 1987; Saunders et al., 1991; Nixon, 1987 for a review; Nixon and Maconnachie, 1988; Mather and Nixon, 1990 ). Mather and Anderson (1994) observed that Octopus dofleini have four ways of getting into a clam, and appeared, if possible, to use the easiest, resorting to drilling only when other methods were unsuccessful. McQuaid (1994) showed that drilling of bivalve Perna perna by Octopus vulgaris was dependent on bivalve size and the biggest specimens that could be opened without prior drilling were taken selectively.
The drilling activities of O. vulgaris were shown to be carried out by a salivary papilla that lies just below the radula, which can function as an accessory radula (Nixon, 1980) . The effects on shells of drilling by Octopus were studied by Nixon et al. (1980) . They found that some chemical dissolution of the shell occurs during drilling, and that 'rasp marks' found on the surface of drill holes were due to the structural formation of the shell. The composition and structure of the shell itself are important in determining the size, shape and form of the cavity drilled, although the size of the octopus (O. vulgaris from the Mediterranean), which may take, 1 h in capturing, drilling the shell and eating the occupant, is not (Nixon and Maconnachie, 1988) .
The drill-hole made by different Octopus species on bivalve shells usually has a characteristic form, which can be very useful for recognising its predatory activity on natural prey populations (Ambrose, 1986; Guerra and Nixon, 1987 ).
An important part of the diet of O. mimus is based on shelled molluscs, many of them of commercial interest on the northern Chilean coast . The effect of O. mimus on natural populations of these molluscs can be partially evaluated by studying the shelled remains present in its middens when they are drilled before ingestion. This information could be also of value for understanding the foraging behaviour of this species in its natural habitat, e.g. for studying prey-predator size relationships. As a preliminary step towards gathering this kind of information, a study was undertaken to investigate the drilling behaviour of O. mimus in captivity: how frequently O. mimus drills different species of molluscs, the dependence of drilling activity on the prey and octopus size, the dependence of drill-holes on octopus size and the specificity of location of drill sites in the shell of the prey.
Materials and methods
Two experiments are reported in the present paper. First, the type of response of O. mimus was studied by analysing the presence of drill holes in the prey ingested (mainly molluscs or hermit crabs inside empty shells). Prey species were chosen according to:
(1) their importance in the natural diet of O. mimus ; (2) their appearance as prey in different sizes; (3) their abundance in the habitat of O. mimus; and (4) their commercial importance in the area. A summary of the prey and the size range (length of the shell) given to the octopuses are shown in Table 1 .
Combinations of two or more different prey were used to feed the octopuses. However, the number of specimens of each prey was always the same and their size ranges were similar to those observed in the wild. The effect of possible behavioural modifications of the octopuses due to prey combinations was not taken into consideration. The ingestion or non-ingestion of each prey-type and the observation of prior drilling were noted. Measurements of the maximum shell length, occurrence and number of drillings were also recorded once the prey was ingested.
A second experiment was undertaken to study the relationship between the size of the octopus and the size of its prey. The influence of the prey on the number of drillings was also analyzed. Furthermore, the relationship between the size of the drillings and the size of the octopus was studied. The prey chosen was Protothaca thaca, which was the bivalve most frequently drilled during the first experiment. The maximum length and width of the inner and outer surfaces of the drill hole were measured using a binocular optical microscope with an eyepiece graticule (60.05 mm). The location of the drill sites was studied using the same prey and differentiating two areas in the surface of the shell (Fig. 1 , area of impression and external area). The drillings observed in the impression area were classified into three types: (1) inner drillings, when located within the muscular impression but not in the border; (2) They were fed ad libitum to allow them to adapt to the new conditions. The octopuses were classed into five weight-groups depending on their total body weight (BW) and maturity stage: 10-49 g, 50-99 g, 100-199 g, 200-499 g and 1000-2000 g. Animals belonging to the last group were mature whilst the rest were immature. On average, 30 individuals were maintained in system P and 40 in system T (5 octopuses in each tank).
Octopus of similar sizes were maintained in the same tank. These specimens were not marked and thus, their individual activity could not be registered. For this reason, the results are presented by weight ranges. Both studies were undertaken between September and December 1992.
A chi-square test was used to analyse the number of drilled holes between species, valves and shell areas (Siegel and Castellan, 1988) . A non-parametric test of variance was used to analyse the existence of selectivity for prey size. The shape of the drill holes (circular or ovoid) was determined by comparing the maximum length and width using a t-test (Sokal and Rohlf, 1981) . Multiple regression analysis was applied to test the relationship between the size of the drill hole, the size of the bivalve and the size of the octopus. Linear regression analysis was used to compare the relationship between the size of the prey and the predator (Sokal and Rohlf, 1981) .
3. Results
Drilling by prey species
The percentages of drillings in the shells of each species are summarised in Table 2 . The number of holes drilled (single or double) and whether the hole was complete or incomplete are also indicated in Table 2 .
A total of 2541 specimens of molluscs were ingested during this study. The bivalves Tagelus dombei and Lithofaga peruviana and the Polyplacophora were always ingested without being drilled. In the remaining species, individuals were drilled 24.50% of the time (21.57% drilled once and 2.93% twice). Shells of gastropods (mainly Tegula sp.)
used as refuge by hermit crabs were also drilled by Octopus mimus.
Considering only drilled shells, the probability of double drillings was independent of the species ingested (X 2 = 5.17, d.f. = 2, p > 0.05).
Prey size selection
The percentages of each prey size group of the P. thaca ingested and drilled by five groups of O. mimus are summarised in Table 3 . Drilling behaviour was observed in the whole size range of octopuses (10-2000 g).
Significant differences were observed when the selectivity of prey by predators was analyzed (H = 127.76, d.f. = 4, p < 0.001). Thus, the size range of the bivalves ingested increased for heavier octopuses (r 2 = 0.982, p < 0.001). The frequency of drilling observed in bivalves of similar size ranges decreased when the size of the octopus increased. On the other hand, octopuses of similar sizes increased the frequency of drilling with larger bivalves. Therefore, the frequency of drilling decreased when the ratio octopus size to bivalve size increased.
The data presented in Table 3 and their corresponding averages in Fig. 2 show that bigger octopuses tend to select larger sizes of bivalves, whether the shell was drilled or not. Furthermore, for all the octopus weight-groups except that between 200-499 g, the average size of the bivalves ingested after being drilled was higher than for those ingested without drilling. These differences are not, however, significant.
Clam and octopus size and hole dimensions
Octopuses ranging from 10 to 2000 g drilled holes of between 0.5 and 2.5 mm in length and from 0.5 to 2.3 mm in width in Protothaca thaca. The shapes of the drilled holes were mainly ovoid, on both the inner and outer surfaces (p < 0.05 and p < 0.001, respectively). Therefore, the shape is an incomplete cone with an ovoid or circular section.
The weight of the octopus and the size of the bivalve determined the external dimensions (length and width) of the hole (multiple determination coefficient r 2 = 0.941 and r 2 = 0.911, respectively, both p < 0.001). Both variables increased with the weight of the octopus (p < 0.001) and the size of the bivalve (p < 0.001). However, the weight of the octopus alone determined the internal dimensions of the hole (r 2 = 0.771 and r 2 = 0.720 for internal length and weight, respectively, both p < 0.001) increasing with the weight of the octopus. Within the same weight-group of octopuses, the maximum and minimum external length of the hole increased significantly with the size of bivalves (p < 0.001 and p < 0.01, respectively).
Location of the drills
The drilled holes in mytilids (Perumytilus purpuratus, Acanthopleura ater and Semimytilus algosus) were randomly distributed, but in the gastropod Concholepas concholepas they were always located near the apex.
The situations of 573 drill holes made by 70 specimens of Octopus mimus in 535 specimens of Protothaca thaca are shown in Fig. 3 . There was no preference for either right or left valves (p > 0.05). The majority of the holes (91%) were in the vicinity of the impressions of the adductor muscles (anterior and posterior) in both valves. The percentage of complete holes in these areas was high (96%) while only 15% of holes in the rest of the valve were complete. The anterior impression was drilled more frequently than the posterior one (Table 4 , p < 0.0001).
Drillings observed close to the muscular impressions ( Fig. 3 and Table 4 ) were more abundant in the border of the adductor muscles than in the inner part (p < 0.0001). The number of holes in the insertion of the anterior adductor muscle was significantly higher in its posterior border than in the anterior one (p < 0.001). In contrast, the number of holes in the insertion of the posterior adductor muscle was significantly higher in its anterior border than in its posterior one (p < 0.001). This concentration of drillings in these areas is higher than would be expected if they were randomly distributed all over the insertions (Fig. 3 ).
Discussion
Within the eight orders in the class Cephalopoda, the order Octopoda is unique in including bivalve and gastropod molluscs on its diet (Nixon, 1987) . Shells can be opened by traction on the valves or by injecting salivary substances (after drilling through the valve) to relax the adductor muscles and weaken the union between valves (Nixon and Maconnachie, 1988) . Studies with specimens of Octopus vulgaris revealed that this species can ingest the mytilid Perna perna after using different strategies depending on the size of the prey. Small P. perna were opened by traction of the valves whilst specimens of bigger sizes were drilled. Specimens of medium sizes were ingested after using either strategy (McQuaid, 1994) . This strategy is interpreted by McQuaid as conforming to the predictions of optimal foraging theory (Hughes, 1980) , which predicts as optimal feeding behaviour that which produces the maximum energy yield per unit of time. Bigger prey produce more energy but the time and energy required to open the shell is higher and could be energetically unviable for the predator. This seems to happen with big bivalves that could be opened by traction. However, the high energetic requirements of this strategy make the octopus drill the shell and, although it is a slower process, the energy used is lower. Therefore, for equal availability of prey sizes, the octopus will choose the largest prey it is able to open by traction. This was the case of Octopus vulgaris fed with Perna perna. Observations in the present study seems to point in the same direction because the size of Protothaca thaca ingested increased with the weight of the octopus and the frequency of drilling increased as the ratio of octopus weight to bivalve size decreased.
The weight of the Octopus mimus was correlated with the dimensions of the drill holes in Protothaca thaca. This result differs from the results for Octopus vulgaris in which the size of the hole was not related to the size of the predator (Nixon and Maconnachie, 1988) . The discrepancy between these results could be related to the species studied or, more probably, to differences in the size range used (10-2000 g in the present study and 150-310 g in the O. vulgaris experiment). The buccal structures of O. mimus involved in the process of drilling are unknown. However, due to similarities in dimensions of the holes and anatomical similarities between both octopus species (Cortez, 1995) the structures are probably the same as observed for O. vulgaris (Nixon, 1979 (Nixon, , 1980 . The size of these structures probably increases with the size of the octopus as noted for other buccal structures and the radula (Nixon, 1973) . Therefore, bigger octopuses produce bigger holes. However, if the changes in these structures is not as obvious as those observed for the body weight of the octopus, the dimensions of the holes produced by animals of different sizes would only be distinguished if the sizes of the specimens were very different.
The size of the bivalve influenced the dimensions of the drilled hole. This result is probably a mechanical consequence of the drilling process, made from the outer to the inner part of the valve, and also depends on the shape of the structures that produce the hole. The hole is an incomplete cone narrowing towards the inner surface of the shell.
The external hole is wider when the valve is thicker. However, the dimensions of the hole in the inner surface of the valve depend on the size of the octopus, and, therefore, on the size of the anatomical structures that made the hole. The shape of the drill, the location of the holes and the relationship between this variable and the size of the octopus is useful for understanding the trophic ecology and predatory behaviour of this species.
O. mimus preying on Protothaca thaca choose the nearest area to the myostracum of the adductor muscles, mainly the posterior border of the anterior muscle. Choosing the area of the myostracum is also common in the drilling behaviour of Octopus vulgaris preying upon lamellibranches (for review, see Nixon and Maconnachie, 1988) . However, in the case of O. vulgaris no preference was observed for drilling mainly the anterior adductor muscles or any specific areas of the myostracum. The precision with which the area drilled was chosen (percentage errors observed for O. mimus were low, see Table 4) raises questions of why the octopus choose that area and how they locate it. The answer to the first question should explain, at least in the case of O. mimus, not only the selection of the myostracum but also particular areas of it. A possible hypothesis for O.
vulgaris is that the drilling would allow the release in situ of the octopus saliva containing substances that would weaken the union between the adductor muscle and the shell (Nixon and Maconnachie, 1988) . Analysing the bivalves immediately after being opened by drilling and before being ingested would test this hypothesis. The location of the drill site, preferentially in the posterior marginal zone of the adductor muscle, must depend on some other effects of the saliva other than its debilitating action on the adductor muscle. One of these effects could be a direct action on the nervous system that controls muscular contraction and relaxation. This control is undertaken by means of diffusion of saliva up to the spinal-cerebrum ganglion situated near the adductor muscle. This process would correspond to that described for the saliva of O.
vulgaris (Nixon and Maconnachie, 1988) .
To date, nobody has investigated the question of how the octopus locate the suitable area for drilling. May be this is because no other species is so specific in its choice of drill site as O. mimus is when preying on Protothaca thaca. Further studies should be carried out to answer this question. To date, the evidence presented for O. vulgaris implies that, in spite of their highly developed nervous system and elaborate behaviour, these animals are unable to differentiate some basic characteristics of the objects they handle, such as shape, weight or size (Wells, 1978) . Recognition of these characteristics should be a necessity if an octopus is to make drill holes so specifically located as those made by O. mimus in the shell of Protothaca thaca. The importance of the chemo-tactile sense, which is very well developed in Octopus, for locating the drill hole should also be tested. Table 2 Number of individuals ingested (N) by Octopus mimus and frequency (%) of drilling Open and filled circles represent complete and incomplete holes, respectively.
